Abstract: T-DNA of Ri-plasmid from Agrobacterium rhizogenes is able to trigger the hairy root syndrome in infected plants. This natural phenomenon is used to generate hairy root cultures predominantly only in dicotyledonous plants. We propose a new method of hairy roots induction without Agrobacterium-mediated transformation. The 5461 bp T-DNA region from A. rhizogenes A4 strain with all four rol genes was amplified using primers containing sequences for left and right T-DNA borders on their 3'-ends. This amplicon was used for direct transformation of tobacco leaf discs without A. rhizogenes and binary vectors. We showed the possibility of generation of hairy roots on tobacco leaf discs by biolistic transformation utilizing only rol genes amplicon.
Introduction
The gram-negative soil bacterium Agrobacterium rhizogenes (Rhizobium rhizogenes) cause neoplastic and plagiotropic growth of hairy roots for various dicotyledons. This microorganism carries a Riplasmid with T-DNA containing rol genes (rolA, rolB, rolC and rolD), which are able to integrate into the plant genome. The rol genes expression disturbs the normal functioning of the plant (in particular, affects the hormonal balance), which leads to certain morphological changes of the transformed plant tissue, specifically, promotes the appearance of hairy roots. Hairy roots culture (HRC) can be used for production of various secondary metabolites such as alkaloids, terpenoids, phenols, glycosides (Sharifi et al. 2014) . Some of them are a source of pharmaceutical raw materials or other economically valuable compounds. HRCs also can be used as recombinant proteins producers (Ono and Tian 2011) .
In natural conditions soil bacteria A. rhizogenes infects healthy plants by penetrating through injured roots. Thereby simple way of making hairy roots is co-cultivation of plant explants wounded by a scalpel or a needle with Agrobacterium suspension in vitro (Van de Velde et al. 2003) . Another commonly used technique is wounding of plant tissue in vivo by injection of Agrobacterium suspension (Kereszt et al. 2007 , Estrada-Navarrete et al. 2007 . Previously a different approach of hairy roots formation through single rol gene or rol genes combination was proposed (Spena et al. 1987 , Cardarelli et al. 1987 , Vilaine and Casse-Delbart 1987 . These rol genes were cloned in binary vectors and were used to transform Agrobacterium tumefaciens strains (Bonhomme et al. 2000 , Hong et al. 2006 which finally infected plant material; co-cultivation plant material with A. rhizogenes strains (Bertoli et al. 2008 , Tusevski et al. 2013 , Thilip et al. 2015 , Rana et al. 2016 ; or biolistic bombardment (Aguado-Santacruz et al. 2009 ).
The main drawback of the previously described t e c h n i q u e s i s t h e h i g h d e p e n d e n c e o f t h e transformation efficiency on the strain of A. rhizogenes and species of infected plant. For example Rhaponticum carthamoides was easier transformed by A. rhizogenes strain A4 (Skala et al. 2015) ; strains ATCC 13333 and ATCC 15834 were tobacco leaves were surface-sterilized for 1 min with 70% ethanol and for 15 min with sodium hypochlorite solution (3% active chlorine) containing 1 μL of 100% Tween 20 and rinsed five times with sterile water. The sterile leaves were cut into pieces (2 × 2 сm) and transferred to hormonefree MS medium (pH 5.8). We used A. rhizogenes strain A4 for the amplification of the T-DNA fragment of Ri plasmid.
Amplicon construction
Genomic DNA was extracted from A. rhizogenes strain A4 using DNA-sorb-C kit (AmpliSens biotechnologies, Russia). 5401 bp fragment of bacterial DNA containing rolA, rolB, rolC and rolD genes was amplified from total DNA of A. rhizogenes using LR Plus polymerase ( S i l e k s , R u s s i a ) w i t h f o l l o w i n g p r i m e r s : rolall_F TCGAGATATTCCCACTAACCCCAATGA and rolall_R TGTCCGGCAAGGTCGTCGTGCTCGTC. We performed reamplification using forward and reverse primers rolall-TL_F tggggtggcaggatatattgtggt gtaaac-TCGAGATATTCCCACTAACCCCAATGA and rolall-TR_R acgaactagacaaggggatatatcctgtca TGTCCGGCAAGGTCGTCGTGCTCGTC to add fragments of A. rhizogenes T-DNA borders to the amplicon. There are small letters for nucleotides corresponding to the left and the right borders of A. rhizogenes T-DNA. PCR was performed in following conditions: denaturing step at 95°C for 4 min followed by 30 cycles of 95°C for 30 s, annealing step at 57°C for 30 s, extension step at 68°C for 8 min, and a final extension at 68°C for 10 min.
The electrophoresis of the PCR products was performed on 1.0% agarose gel under a constant voltage of 80 V. The gel was subsequently stained with ethidium bromide solution and examined under UV light.
Biolistics
Biolistic transformation was carried out with the use of Biolistic PDS-1000/He (Bio-Rad, USA). We used gold particles with an average size of 0.6 microns as microcarriers. The gold particles were coated with the amplicon containing rol genes with T-borders (1 μg/μL) mixed with 0.1 μM spermidine and 2.5 M CaCl 2 , according to Finer (Finer et al. 1992) . Leaf discs were pre-incubated on MS medium with 90 g/L sucrose for 48 hours before transformation (cultivating with increased osmotic pressure) to improve explants survival. We used the following parameters of the biolistic transformation: target distance-6 cm, rupture disk 450, 650 or 900 PSI, vacuum 0.9 bar, the amount of DNA per one shot-1 μL (1 μg/μL). Each sample of leaves (Petri plate) the most suitable for Capsicum frutescens, while ATCC 43056 and ATCC 43057 were the most appropriate for Capsicum annuum (Setamam et al. 2014) . A. rhizogenes used in these described techniques have natural ability to induce hairy roots predominantly in dicotyledons. Therefore the attempts of hairy roots induction on gymnosperms and monocotyledons were failed except for some works (McAfee et al. 1993 , Magnussen et al. 1994 , Mihaljevic et al. 1996 , Yibrah et al. 1995 , Xu et al. 2006 . Pioneer work of hairy root induction on cereals was work of Lee et al. (2001) who successfully transformed rice with a construct containing rolA under the control of a double 35S promoter via polyethylene glycol mediated protoplast transformation. Also HRCs were made on cereals such as Dioscorea deltoidea which is a source of important pharmacological steroids (Avula et al. 2014 ) and blue grama grass (Bouteloua gracilis) in order to determine the effects associated to the expression of rol genes in a forage grass genetic context (Aguado-Santacruz et al. 2009 ). Moreover, many dicotyledons are not susceptible to be transformed by A. rhizogenes. For example, attempts of hairy roots induction on the ß-carboline alkaloids-producer Tribulus terrestris L. failed (Sharifi et al. 2014 ).
There are a lot of recent works on hairy roots induction using plasmid constructions with rol genes and Agrobacterium-mediated method (Bertoli et al. 2008 , Tusevski et al. 2013 . Though cloning step of all rol genes is very laborious by reason of large insert size. Moreover, strains of A. tumefaciens used in those works are able to transform mainly dicotyledons, because of the specific features of the interaction of the bacteria with the plant cell. This limits the use of these techniques towards some dicotyledons, monocots and gymnosperms. Thus it is necessary to develop new methods for hairy roots formation. We propose a method of plant explants transformation by biolistic bombardment using only T-DNA region without Agrobacterium-mediated transformation step and any plasmid vectors. Transformation of plant explants was performed using the PCR amplicon containing rolA, rolB, rolC and rolD genes from A. rhizogenes strain A4. Tobacco was chosen as a model plant, because it has been very convenient for the genetic transformation and regeneration of tissues and organs.
Materials and Methods

Plant materials and strains
Tobacco plants (Nicotiana tabacum L. cv. Petit Havana SR1) were used in this research. 30-day-old www.plantroot.org 35
Results and Discussion
The 5401 bp region was amplified from total DNA of A. rhizogenes strain A4 using rolall_F and rolall_ R primers. It was marked as amplicon A (Fig. 1A) . Electrophoretic analysis showed that the amplicon A had the expected size (Fig. 1B) . The sequencing of amplicon A showed that it coincides with those of the T-DNA of A. rhizogenes strain A4.
Using rolall-TL_F and rolall-TR_R primers, we performed reamplification and produced amplicon B (Fig. 1A) containing all rol genes, flanked on two sides with T-borders. The size of amplicon B coincided with the expected length. It was slightly longer than amplicon A (Fig. 1B) . According to the sequence analysis, its both flanking regions had no nucleotide replacement.
We performed biolistic transformation of tobacco leaf disks using 5461 bp amplicon B (Fig.  1A) . Putative hairy roots started to develop on leaf e x p l a n t s w i t h i n 7 − 1 5 d a y s a f t e r b i o l i s t i c transformation ( Fig. 2A, 2C ). We bombarded 150 leaf explants and generated 29 putative hairy root lines. We also observed the appearance of roots in control samples that were bombarded without the addition of DNA. There were 40 leaf discs in control bombardment and one of them gave rise to roots. Accordingly we suggest that mechanical damage can lead to spontaneous root formation with a very low probability (2.5%).
We used rupture disk with 450, 650 and 900 PSI f o r b i o l i s t i c t r a n s f o r m a t i o n . T h e h i g h e s t transformation efficiency 24% was achieved when the 650 PSI rupture disk was used (Table 1) . We have achieved putative transformation average efficiency in the amount of 19.3%.
was arranged in the central half of Petri dish and received one bombardment. The whole procedures were carried out in aseptic conditions to prevent bacterial contamination in culture. After the bombardment leaf explants were transferred to hormone-free MS medium (pH 5.8) for recuperation and regeneration. Petri dishes were incubated at 25°C under 140 mmol m −2 s −1 photon flux density and photoperiod of 16/8 hours (day/night). Roots appeared on individual leaf explants after 7−15 days of cultivation on hormone-free MS medium. We o b s e r v e d t h e b e g i n n i n g o f d e n o v o p l a n t regeneration from hairy roots culture after 15−20 days of cultivation. It is known that transgenic plants expressing the rol genes have phenotype which is very distinct from the wild type. We decided to produce mature transgenic plants with rol genes as additional evidence of transformation.
Genomic DNA extraction and PCR analysis
Extraction of hairy roots genomic DNA was carried out using the cetyltrimethylammonium bromide (CTAB) method (Rogers and Bendich 1985) . Once the DNA has been extracted, the polymerase chain reaction (PCR) analysis was performed to verify the presence of rol genes.
T h e p r i m e r s w e r e m a r k e d a s r o l B -F (5′-AATAAACGTTGTCGGAATGG-3′) and rolB-R (5′-TAACCCCGTAGGTCTGAATA-3′) to detect the rolB gene. PCR was performed according to the following protocol: denaturing step at 95°C for 5 min followed by 30 cycles of 95°C for 1 min, annealing step at 53°C for 30 s, extension step at 72°C for 50 s, and a final extension at 72°C for 2 min. The 250 bp PCR product was analyzed on 1.4% of agarose gel. To confirm the presence of rol genes in the DNA we performed PCR analysis (Fig. 3) using primers for the fragment of rolB gene because this gene is crucial for hairy root development (Nilsson and Olsson 1997) . Only 20 root lines were analyzed for the presence of rolB gene because the other 9 stopped or slowed its growth within the first week, and it's unlikely that they were hairy roots. Two lines containing the rolB gene were found among 20 putative hairy root lines (Fig. 3) . These results support that 2 tested roots had rolВ gene which also proves they were truly hairy roots. We suggested that roots of the remaining 18 lines were formed as a result of transient expression of rol genes without stable integration of T-DNA into the plant genome. Our suggestions relate to the fact that the roots were formed with a very low probability after empty gold particles bombardment of leaf explants. Root formation efficiency was increased by 7 times when the DNA is added during bombardment of leaf explants. PCR analysis showed that these 18 root lines also did not contain rolA and rolC genes (data not shown).
The two lines, confirmed to be hairy roots, had typical phenotype, in particular, active development of branch roots and fast agravitropic growth (Fig.  2B, 2D ). These roots grew faster than regular and a great diversity had been observed in the growth rate of two hairy root lines. Such a variety of growth rate probably occur due to the number of rol genes copies and their location in the plant genome (see review Altpeter et al. 2005) .
We also produced tobacco roots by 10 −5 M IAA (indole acetic acid) treatment of leaf explants. In the early stages of in vitro development, these auxininduced roots were phenotypically similar to hairy roots. In particular, they also demonstrated active development of branch roots and fast growth during first 2 weeks in culture, but no longer. The roots were formed during bombardment of leaf explants without T-DNA slowed its growth in a week. PCR analysis of the auxin-induced roots for the presence of rolB gene was negative.
It is known that transgenic plants expressing the rol genes have phenotype which is very distinct from the wild type (Terfer 1984) . Such appearance of the roots can be one of the indirect evidence of insertion into the plant genome of rol genes. Based on this, we decided to regenerate transgenic tobacco shoots from the hairy roots. Shoot regeneration on hairy roots started after 15−20 days from bombardment and several transgenic shoots were formed. After they reached the length of 2 cm we transferred the shoots to the jars with non-hormonal MS medium. These in vitro plants were phenotypically similar to the plants naturally infected with A. rhizogenes and were scrubby, bushy and had dark green wrinkled leaves (Fig. 2E, 2F ). In addition, shortening of the growing cycle in two times was observed.
The selected two lines of hairy roots were further transferred to liquid non-hormonal MS medium, where they also grew as productive as on solid medium, and the unlimited growth without any growth stimulators was observed during several months.
C o n s e q u e n t l y , u s i n g d i r e c t T -D N A transformation without A. rhizogenes inoculation, we were able to generate two lines of tobacco hairy roots. The main advantage of this technique is the absence of Agrobacterium contamination, because we used only genetic material of A. rhizogenes as amplicon (non plasmid vectors), and further transformation procedures were carried out exclusively without bacteria. It is particularly important for bioreactors, that there is no need to remove bacteria for further cultivation of the hairy roots. Due to the direct delivery of DNA, it will be possible to transform monocots and gymnosperms, because there are no stages of recognition and transfer of the T-DNA across the plasma membrane. Rearrangements of the transforming DNA may be a disadvantage, although segregation of individual transformants may give rise to several unique combinations of hairy roots lines. Then it will be necessary to select the most successful lines based on enzyme assay of the product of interest. Also there is widespread belief that particle bombardment generates large, multi-copy loci prone to instability and silencing, refinements of the technology to produce clean transgene loci have demonstrated clearly that this is not the case, and that particle bombardment has many advantages for Fig. 3 . PCR analysis of the hairy roots produced by particle bombardment. The 250 bp fragments of rolB gene amplified from genomic DNA. Dr. Elena Mikhaylova studies t r a n s g e n i c p l a n t s a n d t h e i r environmental safety. 
